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A HEAT-PIPE-COOLED FAST-REACTOR 
SPACE POWER SUPPLY 

by 

J. J. Roberts, E. J Croke, 
R. P. Car ter , and J. E Norco 

ABSTRACT 

A fast-spectrum, nuc lear - reac tor power supply was 
designed which compares favorably with radioactive iso
tope sources and SNAP thermal reactors in the 1-5-kWe 
range. The use of a " ' P u - b a s e d fuel in a relatively simple 
design, which employs in-core heat pipes and a heat-pipe 
radiator , yields a comparatively lightweight and low-cost 
system, which should have good intrinsic reliability. 

The specific weight for the proposed 1-kWe reactor 
system is about 525 Ib/kWe (340 Ib/kWe at 5 kWe),as com
pared to typical weights of about 1000 Ib/kWe for isotope 
powered supplies and more than 800 Ib/kWe for existing 
SNAP the rmal - reac to r designs in this power range. Unlike 
competitive isotopes, ^"Pu (a by-product of the continuously 
expanding, light-water reactor industry) will be available 
to meet the anticipated demand for unmanned experimental 
communication satell i tes in the 1970'», Moreover, the p ro
duction cost of this fuel should be approximately 20-70% of 
the equivalent in isotope power in the 25-125-kWt thermal -
power range. 

I. INTRODUCTION 

As opportvinities for launching satellites and probes become inc reas 
ingly available to mili tary, scientific, and commercial u se r s , the demand for 
low-power electr ical supplies in the 1-10-kWe range' will increase P r o 
jected requirements for manned space laboratories also fall within this power 
range. Ideally, these demands should be met by a single system, which can 
be integrated into this complex of foreseeable missions 

Recent developments in thermoelectr ic and thermionic devices have 
given static converters a special appeal for use in space power systems 
Feasibil i ty testing of thermoelements having a hot-junction tempera ture as 
high as 1200°C has been performed.^ This upward trend of thermocouple 



tempera tures permits higher radiator tempera tures , lower system specific 
weights, and greater radiation stability of thermoelectr ic mater ia l s than 
have hitherto been considered for space power systems.* On the other hand, 
the minimum pract ical emitter temperature for thermionic diodes has 
dropped to around 1200°C,^ closer to the maximum source tempera tures of 
present designs of nuclear reactors and isotopic energy supplies The state 
of the art of thermoelectr ic converter design is slightly more advanced in 
the 1200°C range than for thermionic generators , but the availability of a 
reliable high- temperature source will spur the development of thermionic 
devices with probable efficiencies of 15%,^ as opposed to 4% for thermo
electr ic conver ters ' To date, thermionic modules have been tested with 
efficiencies from 6% at an emitter temperature of 1200°c ' to 11% at 1350°C. 
Power densities of 2 w/cm^ have been demonstrated ''^ 

To attain high system efficiency and/or at tractive specific weights, 
it is reasonable to assume that the search for an al l-purpose 1-10-kWe 
power supply will focus on source temperatures of at least 1200°C This 
report outlines the design pa ramete r s of a compact, fas t - reactor power 
supply which will satisfy this need. The concept is based on a relatively 
simple combination of a new high-temperature fuel, plutonium monophos
phide, and the newest development in heat- t ransfer technology, the ubiqui
tous heat pipe 

Since the converter elements can be supplied with up to 100 kWt at 
1350°C, this system can be coupled with highly efficient thermionic diodes 
to produce up to 10 kWe The specific weights are quite at tractive: 525 lb / 
kWe at 1 kWe and 340 Ib/kWe at 5 kWe for the 4% efficient thermoelectr ic 
version discussed in Section II of this report With an 11% efficient ther
mionic converter , the system would yield specific weights of 100 Ib/kWe at 
5 kWe and 73 Ib/kWe at 10 kWe These figures may be compared to un
shielded weight est imates for SNAP-8 systems of 633 Ib/kWe at 1 kWe and 
290 Ib/kWe at 20 kWe.' Since the SNAP-8 lithium hydride moderator has a 
vapor p ressu re of 5 atm at 1100°C,'' its use with a thermionic system does 
not appear feasible unless a two-zone core design can be developed in which 
high temperatures can be tolerated 

The fissionable constituent of the reactor fuel is ^^'Pu This by
product of the continuously expanding light-water reactor industry will be 
available to meet the anticipated demand for unmanned satell i tes in the 
early 1970's Moreover, a reasonably firm production-cost prediction 
of $10/g (Ref 11) implies a fuel inventory of about $380,000 per reactor , 
a figure that is essentially independent of the thermal-power level. 



II. REACTOR DESIGN SUMMARY 

The reference design for the compact reactor was configured as a 
1-kWe space power supply using a thermoelectr ic generator operating be
tween a hot-junction temperature of 1200°C and a cold-junction tempera ture 
of 510°C. 

The reactor core (shown in Figs, 1 and 2) consists of an aggregate 
of 36 unclad fuel elements, each a hexagon 2.6 cm across the flats and 
27 cin long. The fuel is plutonium monophosphide, a novel compound syn
thesized first by O. Kruger and J. Moser of Argonne National Laboratory. 
This mater ia l has thermodynamic, chemical, and physical propert ies which, 
on the basis of sample testing, appear to be superior to the more popular 
PuOz and PuC. 

The fuel elements a re positioned by, but not bonded to, 36 heat 
pipes, which pierce one end of the molybdenum core-containment vessel . 
These 7/ l6- in . -OD molybdenum pipes contain a composite grooved-channel 
and sc reen-mesh molybdenum wick and use lithium as the working fluid. 
The central position in what is basically a 37-fuel-elennent a r ray is left 
void to simplify the routing of the heat pipes (as shown in Fig. 2). 

After core assembly, the containment vessel is purged and welded 
gas-tight under 1 atm of helium. Heat transfer from the fuel ac ross a 
2-mil gap to the lithium heat pipe is by radiation and conduction through 
the helium; however, conduction is the dominant mode. The maximum 
temperature attained by the fuel is 1269°C, well below the melting or dis
sociation limits for P u P . " 

VERNIER 
CONTROL 

500*C K HEAT PIPE 

Fig, 1. Fast-reactor Space Power Supply 
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Fig. 2. Sectional View of Fast-reactor Space Power Supply 

B e c a u s e the fuel i s not bonded to the l i th ium heat p i p e s , the d i f f e r e n 
t i a l t h e r m a l expans ion be tween P u P and m o l y b d e n u m which o c c u r s d u r i n g 
s t a r t u p p o s e s no p r o b l e m . Since each hea t p ipe e m e r g e s f rom the con t a in 
m e n t v e s s e l t h r o u g h a m o d e r a t e l y f lex ib le , we lded m o l y b d e n u m b e l l o w s . 



differential expansion of the heat pipes and the vessel is accommodated 
without imposing excessive thermal s t r e s ses on the heat pipes or compro
mising the gas-tight integrity of the vessel . 

Between the core (evaporator) and the hot shell (condenser), each 
heat pipe undergoes two 90° bends (as shown in Fig 3). In this transit ion 
section, radiation-heat losses a re minimized by a 4 O-cm, multi layer, axial 
thermal-radia t ion shield which reduces the net axial radiation-heat loss to 
approximately 2% of the core thermal power. A similar axial shield sup
p re s se s radiation-heat losses from the opposite end of the core 

A 5-cm-thick radial reflector of beryllium oxide serves as a radia
tion shield for the thermoelements and permits the required fuel loading for 
a bare core to be reduced from about 60 to 38 kg. This core-ref lector com
bination is near optimum from a weight standpoint. The reflector also flat
tens the core radial power profile and thereby tends to equalize the thermal 
load on the heat pipes. For fuel economy, 3-cm-long BeO axial reflector 
pieces, s imi lar in design to the PuP elements, were added, top and bottom, 
within the core container (as shown in Fig. 3) 

The hot shell is a 33 4-cm-dia , 44-cm-long cylinder, formed by 
molybdenum webs between the condenser sections of the 36 molybdenum 
heat pipes For the thermoelectr ic version of the system, 2222 3/8-in-
dia thermocouples, typical of the high-temperature (1200°C) devices de
veloped for the Air Force by Monsanto Chemical Corporation, ' a r e mounted 
on the exterior surface of this shell. The same shell would serve as the 
emitter heat source for a thermionic generator 

Heat is rejected to space at 500°C t h o u g h a radiator assembly com
posed of 100 rec tangular -cross-sec t ion , double-ended potassium heat pipes. 
The radiator assembly is fabricated from 20-mil Inconel tubing and takes 
the form of a 43-cm-OD, 113-cm-long, cylindrical shell (as shown in Fig. 1) 
With a 5-kWe thermionic converter having a collector tempera ture of 600°C, 
the radiator size and weight a re approximately the same as those required 
for the 1-kWe thermoelectr ic system. 

The main s t ructural member of the system is the core containment 
vessel (shown in Fig. 4), Six equidistant radial r ibs, which protrude from 
the vessel , provide mounting and s t ructural support for the reflector seg
ments and for the six segments of the hot shell. These ribs also provide 
attachment points for the axial thermal shields and the radiator shell. 
Within the containment vessel is a hexagonal molybdenum inser t , which 
fits around the core and provides for the support and alignnnent of the lower 
ends of the heat pipes (as shown m Fig, 5) Radial shielding, which mini
mizes the thermal radiative heat t ransfer from the core to the reflector, is 
mounted on this insert 
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RAOIATOR HEAT PIPE DETAIL 

Fig. 3. Heat-transfer Components 
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The thermal power of the reactor is 27.6 kWt, and its design life is 
10,000 hr. The power-conversion system efficiency of the reference ther
moelectric generator was assumed to be 4%. The system was sized to 
provide 10% excess capacity in order to compensate for thermocouple or 
thermionic-diode malfunction and for the modest (6°C) drop in core tem
perature during the projected mission lifetime. 

The system is started up by slowly inserting three 60° reflector 
segments, which are driven by small stepping motors . The startup p r o 
gram occurs slowly enough to permit uniform heatup of the system. With 
the system stabilized at its operating temperature and power level, the 
startup control system is permanently deactivated, and the s teady-state 
operating condition is maintained by means of totally passive tempera ture -
coefficient control. Since an 18°C lifetime fuel- temperature drop is re 
garded as tolerable, the effective mission life can be extended to approxi
mately 3 years. 

The power of the thermoelectr ic system can be uprated to 5 kWe 
without significant alteration of the reactor design, although the hot shell 
and radiator would be enlarged. At this power level, the specific weight 
of the system would be reduced to about 340 Ib/kWe. The inaximum fuel 
temperature associated with a 5-kWe output would be 1590°C, still within 
the range of stable performance for plutonium monophosphide under 1 atm 
of helium.""'^ Other system temperatures would be essentially unchanged, 
and passive, temperature-coefficient control would still be feasible. The 
lithium heat pipes have been deliberately oversized to accommodate this 
higher power. If the same core-ref lector-heat pipe-radiator connbination 
were coupled with a thermionic generator having a system efficiency of 
11%, the system would produce approximately 5 kWe at a specific weight 
of about 100 Ib/kWe. 

The mechanical design of the reactor system lends itself to ease of 
assembly and handling. The core is assembled in the containment vessel 
by sliding the fuel pieces over the heat pipes, which have previously been 
inserted in the vessel and welded to the flanges on the molybdenum heat-
pipe bellows. The heat pipes can accommodate both longitudinal and lateral 
displacements due to thermal expansion during the star tup transient . 

The 60° movable reflector segments, which constitute the startup 
control system, are installed as three separate modules (one of which is 
shown m Fig. 6). Each module includes a reflector segment, a stepping 
motor, a drive mechanism, and a covering shroud. 

Nonnuclear testing of the assembled pr imary heat pipe, power con
verter, and radiator is quite feasible for this system. The design lends it
self to electrical heating of the pr imary heat pipes, since the entire system 
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Fig. 6. Cutaway View of Control Module 
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can be assembled without the fuel elements in place. The nuclear and 
nonnuclear component development and test programs are thus quite sep
arable for this system. 

From the standpoint of nuclear safety, this design concept includes 
several desirable features. The assembled system, complete with e lec
trical power-conversion subsystem and space radiator, can be shipped and 
handled with all the reflector segments removed. In this condition, a 20% 
shutdown safety margin (Ak/k) is associated with the bare core. During 
prelaunch operations and before the attainment of orbit, with the three sta
tionary reflector segments in place, the shutdown margin is 6%. Each of 
the movable reflector segments is equipped with a s c ram spring, which is 
restrained by a magnetic latch. 

Table I lists the various paramete rs of the fas t - reac tor space 
power supply system. 

TABLE I. Compact Reactor Pa rame te r s 

System Performance 
Total weight (1 kWe thermoelectr ic) 525 lb 
Specific weight 

1 kWe thermoelectric (25 kWt) 525 Ib/kWe 
5 kWe thermoelectr ic (125 kWt) 340 Ib/kWe 
5 kWe thermionic (46 kWt) 100 Ib/kWe 
10 kWe thermionic (92 kWt) 73 Ib/kWe 

Core 
Type Fast , reflected 
Active length 27 cm 
Critical diameter 16.6 cm 

Plutonium Monophosphide Fuel 
Fuel density at operating temperature 8.41 g/cc 
Fuel, v/o in core 67.5 
Reference thermal power 27.5 kWt 
Peak fuel temperature 1269°C 
Fuel weight 86 lb 

Fuel Elements 
Configuration Hexagonal 
Across flats 2.6 cm 
Central hole diameter 1.12 cm 
Cladding None 
Number of elements 36 
Average power per element 0.764 kWt 
Limiting temperature capability at 1 atm helium 1700°C 



TABLE I (Contd ) 

IS 

Radial Reflector 
Material 
Density at operating tempera ture 
Melting point 
Cylindrical OD 
Length 
Thickness 
Weight 

Axial Reflector 
Material 
Segment length 

P r imary Heat Pipes 
Material 
Evaporator length 
Transition section length 
Condenser length 
Outside diameter 
Wall thickness 
Channel wick 

Number of channels 
Channel width 
Channel depth 

Screen wick 
Thickness 
Porosi ty 
Permeabi l i ty 
Pore radius 

Working fluid 
Reference design power 
Operating p r e s su re 
Operating tempera ture 
Vapor p r e s s u r e drop (reference power) 
Liquid p r e s su re drop 
Vapor tempera ture drop 

Radiator Heat Pipes 
Material 
Total length 
Evaporator length 
Condenser length 
Width 
Height 
Wall thickness 

Beryllium oxide 
2.6 g/cc 
2550°C 
29 9 cm 
30 cm 
5 cm 
66 lb 

Beryllium oxide 
3 0 cm 

Molybdenum 
27 cm 
23 cm 
44 cm 
1.11 cm 
0 101 cm (40 mils) 

51 
0.204 mm 
0 510 mm 

0 22 mm 
0 5 
12 
0 08 mm 
Lithium 
0.88 kWt 
5.3 psia 
1200°C 
0 0235 psid 
0.1544 psid 
0 655°C 

Inconel 
113 5 cm 
44 cm 
113 5 cm 
1.35 cm 
2.0 c m 
0.051 cm (20 mils) 



TABLE I (Contd.) 

Screen wick 
Inner- and outer-wick thickness 
Lateral-wick thickness 
Porosity 
Permeabili ty 
Pore radius 

Working fluid 
Reference design power per pipe 
Operating pressure 
Operating temperature 
Vapor-pressure drop 
Liquid-pressure drop 
Vapor-temperature drop 
Total wall- temperature drop 

Hot Shell 
Material 
Operating temperature 
Thickness 
Outside diameter 
Length 

Core Containment Vessel 
Material 
Outside diameter (cylindrical) 
Length 
Radial wall thickness 
End-cap thickness 

Axial Thermal-radiation Shields 
Material 
Lamina thickness 
Number of laminae 
Total thickness 
Diameter 
Temperature of radiating surface 

Thermoelectric Generator 
Hot-junction temperature 
Cold-junction temperature 
Number of thermocouple pairs 
Power per couple 
Total power (reference thermoelectr ic) 
Voltage (reference) 

0.314 cm 
0.1517 cm 
0.5 
12 
0.025 cm 
Potassium 
0.264 kWt 
0.5 psia 
500°C 
0.005 psia 
0.005 psia 
2.93°C 
11.9°C 

Molybdenum 
1200°C 
1.3 cm 
33.5 cm 
44 cm 

Molybdenum 
30.3 cm 
32.8 cm 
0.25 cm 
0.5 cm 

Molybdenum 
0.020 in. 
15 
3.95 cm 
37.50 cm 
500°C 

1200°C 
510°C 
2222 
0.495 W 
1 kWe 
40 V 
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III. CRITICALITY STUDIES AND NUCLEAR-MATERIALS SELECTION 

A. Crit icali ty Studies 

The reactor cri t icali ty calculations required during this study were 
performed with the SNARG-ID multigroup Sn code using the S4 option. 
Higher-order approximations yield negligible improvements in estimations 
of cr i t ical masses or multiplication constants. Multigroup diffusion theory 
does not apply since the core radius is less than five mean free paths. 
Hanson and Roach l6-group cross sections were obtained from ANLSet201, 
augmented to include P. 

B. Nuclear Materials Survey 

1. Fuel Survey 

The nuclear cr i te r ia for the compact reactor are s imilar to 
those proposed by MacFar lane ' and others for low-power conduction-cooled 
sys tems. The compact reactor should be a fast assembly, reflected, if at all, 
for purposes of power flattening and/or for neutron shielding. MacFarlane 
has shown that, although some moderated systems have lower crit ical masses 
than those that use pure fuel, the low melting points of most lightweight dilu
ents a re an overriding disadvantage. 

The objective of this section is to identify suitable core mate
rials and then select the most promising fuel for the design of the reference 
system. Table II represents a survey of potential fuels. Because projected 

TABLE II Fuel P r o p * r t i e » 

Bare Bar,-
Sphere Sphere 

T h e o r e t i c a l Melt ing T h e r m a l C r i t i c a l C r i t i c a l 
Densi ty , Po in t . Conduct ivi ty , Rad ius , M a s s , 

Pue l g cc "C W cm-°C cm kg References 

JSSy 18 8 1132 0 536 at 900°C 8.4 46 6 
«JU 18.8 1132 0 5 36 at 900''C 5.8 10 6 
2JSpy 19,7 680 0 209 at 600°C 5.0* 10 6 
WSy 12.3 2400 0 251 11.8 84 6 
JJSjjo 10.0 2750 0 025 at 900°C 14 2 120 6, 17 
» » U o ! - - 2 0 v / o M o 10.1 - 0 24 at 870°C 16.a*" 168 15 
" S u e 12.3 ^•'OO 0.251 8.4 31 6 
23luOj 10.0 2750 0 025 at 900°C 10 42 6 
" ' U O , - - 2 0 v / o M o 10.01 - 0.24 at 870°C 11.5 64 15 
2 « p y C 13.6 1654 0.1 at 400°C 7.6'= 22 6 , 1 9 , 2 0 
" ' P u O 10.0 2400 0 025 at 900°C 9.3 34 6 
" ' P u C - - 2 0 v / o Z r C 11.12 -2000 - 8.9 33 6 
" ' P u O ; - - 2 0 v / o Mo 9.60 <2000 0 23 at 900°C 10 8 51 15 
" ' P u P " S" ^*''"' " " " ' ° ^ • " "• ' ^ 

^96% e n r i c h m e n t , 
**94% t h e o r e t i c a l dens i t y . 
*-90% t h e o r e t i c a l dens i t y . 



converters operate at 1200-1350°C, the fuel must be stable up to at least 
1500°C and higher for uprated versions. This cri terion eliminates the pure 
metals and renders PuC only marginally acceptable. Table II shows that 
"^U systems would be significantly larger (but probably more economical) 
than those with plutonium-based fuels. In view of this fact, and because 
compactness is a f i rs t -order design goal, all '̂̂ U compounds were el imi
nated as candidate fuels. 

As expected, '̂̂ U and " ' P u compounds yield very compact sys
tems, and, as shown in Table II, several fuels based upon these fissile ma
terials have such desirable propert ies as high melting point and high thermal 
conductivity Especially promising are "^UC and the ^^^UOj-'^O v/o Mo cer 
met if UC can be made available in sufficient quantities. Although there is 
at present no systennatic production of ^̂ U via a thorium fuel cycle, it has 
been estimated that the isotope production reactors at Hanford, Washington, 
can produce an adequate supply.' 

One attribute of ^̂ Û that weighs greatly in its favor when it is 
compared to " 'Pu-based fuels is its relatively low toxicity. For example, 
the maximum permissible airborne concentration of " ' U is 2 x 1 0 " ' ^ g / m i , 
as opposed to 3 x 10"' ' fig/mi for " ' P u . This comparison is especially im
pressive when it is extended to include radioactive isotope fuels such as 
^'"Po (4x 10- 'Vg/m.«) and '"Sr (1 x 1 0 " ' ^ g / m i ) . ' ' 

Despite the advantages of ^^'u compounds, the " ' P u fuels were 
favored in this preliminary design because of the availability of this iso
tope as a by-product of the continuously expanding, light-water reactor 
industry and the future fas t -breeder - reac tor program. Among the pluto
nium compounds, PuC is undesirable because of its relatively low melting 
point and poor compatibility with most s t ructural mater ia ls above 1300°C." 
Although plutonium dioxide has a low thermal conductivity, the maximum 
fuel temperature (approximately 1500°C) at the outer surface of a PUO2 fuel 
element would be considerably below the melting point of the fuel. However, 
the reactor design could not be uprated to 5-10 kWe because the PuOz fuel 
temperatures and resultant dissociation p ressu res associated with higher 
power operation would be excessive " The PuC-ZrC system was listed 
because studies with uranium carbide show that the melting point of UC 
increases almost linearly when ZrC is added to form a solid solution. A 
similar effect might be predicted for PuC-ZrC, but since this analogous 
mixture has not been p repa red , " it would not be an appropriate choice for 
this design Similarly, the " 'PuOj- -20 v/o Mo cermet would represent an 
improvement on the thermal conductivity and stability of plutonium dioxide,^' 
but published data are not available for this mater ia l . 

There are at least three rernaining candidates among the pluto
nium compounds: PuN, PuS and PuP. Plutonium mononitride has received 
much attention, for example, a 1965 Nucleonics art icle rated it the most 
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promising fas t - reac tor fuel.^^ However, this mater ia l will probably be 
inferior to the monophosphide because of its high vapor p r e s su re at ele
vated temperatures. '^ '^^ Plutonium monosulphide and monophosphide a re 
s imilar in physical proper t ies , but the former is comparatively difficult 
to produce in stoichiometric composition.'^ Therefore, from among the 
potentially suitable fuels, plutonium monophosphide is chosen as the 
reference fuel 

2. PuP Charac ter i s t ics 

Plutonium monophosphide is a dark-grey, metal l ic-appearing 
ceramic , which appears to have very attractive physical propert ies at ele
vated tempera tures Kruger and Moser'^ have prepared high-purity, 40-g 
samples of the compound by reaction of the metal hydride with the phos
phide. Since the monophosphide is the only stable high-temperature com
pound in the PuP system, the stoichiometric composition is easily obtained 
This method of preparat ion is quite suitable for large-scale production 
using fluidized-bed techniques. 

Observations of the compound made during sintering indicated 
that it is s t a b l e " up to 1500°C in vacuum and 1700°C under 1 atm of argon, 
and the vaporization and dissociation rates a re negligible. Melting and 
rapid decomposition occur at 2600°C.'^ The linear-expansion coefficient, 
1 1.9 X 1 0 " y ° C , " and the thermal conductivity, 0.09 W ' cm-°C," were found 
to be nearly invariant with temperature . 

The low fuel burnup (<0.05%) that character izes the compact 
reactor , coupled with the absence of corrosion or erosion mechanisms 
typical of l iquid-metal-cooled reac tors , and file excellent stability of the 
fuel permit the PuP fuel elements to be unclad. In addition, since helium 
is used as the thermal coupling between fuel element and heat pipe, the 
material-development problems normally associated with high-temperature 
bonding are avoided. The compatibility, at high tempera tures , of PuP and 
the p r imary heat-pipe s t ructura l mater ia l , molybdenum, represents a 
second-order mater ia l problem, which must be investigated. These char
ac te r i s t ics n-iake possible a relatively simple design and serve to facilitate 
the fabrication, assembly, and testing of the system, as described in 
Section II. 

3. Reflector Materials 

Table III is a par t ia l listing of the reflector mater ia ls consid
ered for the compact fast reac tor . Beryllium oxide (with graphite running 
a close second) best satisfies the major requirements of a high melting 
point, a low dissociation rate, a low density, and good neutron-scat ter ing 
p roper t i es . Beryllium carbide was eliminated because its dissociation 
rate is equivalent to 1 x 10"^ g /sec-cm^ at 1200°C, while that of BeO is 
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only 3 x 10"'^ g/sec-in.^ (Ref. 24). The latter figure implies a loss of 
only 0.6 g over the 10,000-hr mission life of the reac tor . 

TABLE III. Re f l ec to r P r o p e r t i e s 

T h e o r e t i c a l Mel t ing R e f l e c t o r Savings M a s s of 
Densi ty , Poin t , for PuC S p h e r e with 4 - c m Ref l ec to r , 

Ma te r i a l g / cc °C 4 - c m Ref l ec to r , cm kg R e f e r e n c e s 

C 1.6 Sub l imes 1.03 6.0 17. ' 8 

P a t m = 1 0 - " 
at 1300°C 

Be 1.85 1284 1.83 5.7 6, 18 

BejC 2.4 D i s s o c i a t e s 2 01 7.1 17 

P a t m = " >' l""* 
at 1300°C 

BeO 3.025 2550 2.02 8.9 17, 18 

L i H 688 6 

Z r H ; 1093 6 

Ni 8 9 1455 1.29 31.4 18 

Fe 7.86 1539 1.06 29 2 18 

Graphite, with a thermal conductivity as high as 0.6 W/cm-°C,^* 
might be preferred over BeO (0.2 W/cm-°C) for a purely conduction-cooled 
reactor design,' but this advantage is unimportant for a system in which the 
primary heat-transfer path is provided by heat pipes. 

IV. HEAT-TRANSFER STUDIES 

A. General 

The use of heat pipes in the core and for the space radiator was an 
obvious choice for a system intended to bridge the gap between the simple, 
but low-power (0.3-0.5 kW), conduction-cooled, nuclear- thermoelect r ic 
generator such as those proposed by MacFar lane ' or Monsanto Corpora
tion, and the more complicated, higher-power (0.5-350 kW), l iquid-metal-
cooled space-power thernnoelectric or turboelectric systems, such as 
SNAP-lOA or SNAP-50. The heat pipe offers the prospect of extracting 
and rejecting significant amounts of power from a reactor system without 
the compron-iise of reliability or operating life that is associated with 
multiloop, liquid-metal coolant systems that use high-temperature rotating 
machinery. Moreover, a heat-pipe radiator can be constructed in a totally 
modular fashion to minimize the meteor damage hazard that is present with 
conventional liquid-metal radiators , or even with vapor-chamber fin radia
tors such as those proposed by Haller and Lieblein.^^ 
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B. P r i m a r y Heat-pipe Design 

The 36 c i rcular , in-core p r imary heat pipes a re identical in cross 
section and heat - t ransfer capacity and were sized to accommodate the peak 
power (0.88 kW) generated in each of the six members of the inner ring of 
fuel elements. 

The operating tempera ture of the pr imary heat pipes corresponds 
to a 1200°C thermoelement hot junction or 1350°C thermionic temperature . 
In this tempera ture range, lithium represented the optimum choice for the 
heat-pipe fluid. This selection was governed by a number of considerations: 

1. At tempera tures in excess of about 900°C, above which the vapor 
p re s su re of lithium is sufficiently high to permit efficient heat-pipe opera
tion, the high surface tension and low liquid density of lithium render it an 
excellent fluid for use in a "capillary pump." 

2. Since lithium has a relatively low vapor p ressu re (5 psi at 
1200°C and 20 psi at 1350°C), it does not need to be contained within a thick-
walled pipe s t ructure; thus, both weight and temperature drop across the 
heat-pipe walls can be minimized with a lithium system. 

3. The high latent heatof vaporization of lithium yields the maxi
mum cross-sec t iona l heat flux for a given heat-pipe diameter, and, if the 
lithium pipe is somewhat oversized, potential startup problems can be 
minimized. 

4. The extremely large heat- t ransfer capacity of a lithium pipe 
lends itself to the design of a system that caft be uprated to higher power 
levels with minimal modification of the pr imary heat-pipe configuration. 

F r o m the limited number of refractory metals compatible with 
lithium at 1200°C (niobium, tantalum, molybdenum, and their alloys), 
molybdenum was chosen for the heat pipe and wick. Nb-1% Zr would have 
been acceptable on the basis of the results of Li-Nb- - 1%- Zr heat-pipe tes ts 
reported^' by the Los Alamos Scientific Laboratory (LASL). These tes ts 
verified the compatibility of the lithium-niobium combination at t empera
tures in excess of 1100°C for operating duration up to 3500 hr, including a 
number of r e s t a r t cycles. Romano, Fleitman, and Klamut found that lithium 
and niobium are compatible at temperatures as high as 11 50°C for up to 
6500 hr,^ ' and the LASL test se r ies included runs at tempera tures as high 
as 1300°C; however, experimental verification of 10,000-hr compatibility 
remains to be established. Although Nb-1% Zr appears to be appropriate 
for 1200°C operation, the prospect of operating the system at 1350°C with 
a thermionic converter indicated the desirabil i ty of fabricating the p r imary 
heat pipes of tungsten-zirconium-molybdenum (TZM). The compatibility of 
lithium and TZM for long-duration heat-pipe operation was established in 
tes ts conducted by RCA* at temperatures up to 1500°C. 



The sizing of the heat pipes was dictated by the following 
considerations: 

1. The heat-pipe wick and vapor-passage cross sections must be 
adequate to carry the required design power. 

2. The heat flux across the pipe surface nnust be low enough to 
preclude boiling in the wick. 

3. The pipe diameter must be large enough to maintain the fuel-
element temperature below its 1700°C limit. 

4. The pipe diameter must be large enough to ensure a near-
uniform temperature distribution on the cylindrical shell that is in contact 
with the thermocouple hot junctions. 

5. The heat pipes should be sufficiently large so that the system 
can be uprated from its design thermal-power level of 25 kWt to at least 
125 kWt without significant modification of the reactor design. 

The lithium heat-pipe wick is configured as a combined grooved-
channel and screen-mesh design. The grooved-channel approach, in which 
the wick consists of an a r ray of rectangular channels milled into the inner 
surface of the pipe wall, has the significant advantage that the wick cannot, 
under any circumstances, separate from the wall and produce hot spots. 
The grooved-channel wick also lends itself to analysis more readily than 
does the screen-mesh wick, since the flow character is t ics (flow area , 
hydraulic diameter, etc.) of the grooved-channel wick can be charac ter 
ized more accurately than those of the sc reen-mesh wick. An open-channel 
wick does, however, suffer the disadvantage that the capillary forces asso
ciated with it are approximately half those of a sc reen-mesh wick, since the 
radius of curvature of the liquid meniscus for the grooved channel is effec
tively infinite in the axial direction The open channel is , moreover , sensi
tive to a s tar t- t ransient problem in that, at low tempera tures , an interaction 
between the high-velocity vapor and the liquid surface tends to re tard the 
flow of the liquid and prevent startup.^' 

Although its performance character is t ics a re more difficult to define, 
the screen-mesh wick is superior to the grooved-channel type as a capillary 
pump and is relatively insensitive to the s tar t - t ransient , vapor-liquid inter
action. The tendency of the screen to detach itself from the walls of the heat 
pipe represents the major disadvantage of this type of wick. 

The primary heat pipes of the compact reactor combine the features 
of both types of wick. Fifty-one rectangular channels, having a depth of 
0.510 mm and a ' " ^n-^«. i . ^__.,.___ri ĉ  .^ ,, 
around the innei 

5 primary heat pipes of the compact reactor combine the features 
es of wick. Fifty-one rectangular channels, having a depth of 
and a width of 0.204 mm (shape factor of 1.5), are equally spaced 
inner surface of the 1.01 -mm (40-mil)-thick walls of the heat pipe. 
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The effective channel capi l lary-pore radius of 0.102 mm is sufficient to 
wick the liquid lithium to a height of 45 cm against the equivalent of 
one gravity. This wicking height corresponds to the length of the evapora
tor leg of the heat pipe; thus, the core -pr imary heat-pipe subassembly can 
function in ear th-normal gravity for ground-testing of the space system 
and can, moreover , be readily adapted for t e r r e s t r i a l or undersea use. 

The channels a re sized to car ry the full 0.88-kW heat load of the 
high- temperature central elements; however, additional capacity is p ro
vided by a single layer of molybdenum screen in close contact with the 
inner surface of the pipe. This 0.22-mm-thick screen has an equivalent 
pore radius of 0.08 mm, a permeabili ty of 12, and a void fraction of 0.5. 
It is included pr imar i ly to facilitate the startup of the system since it will 
serve as a b a r r i e r between the vapor and the liquid during the low-
tempera ture portion of the s tar t transient, however, it also adds the equiva
lent of about 150 W of heat- t ransfer capacity to the reference pipe. 

Because of the excellent thermal propert ies of lithium, the first 
two cr i te r ia noted previously for heat-pipe sizing were not important at the 
design power level. Neither did the third criterion prove to be significant 
for the fuel-element configuration, since the highest temperature attained 
by any fuel element (i.e., that associated with a central element at the core 
midplane) did not exceed 1269°C at the design power level. Figure 7 shows 
the radial power distribution of the system in te rms of the neutron-flux 
distribution. The limiting temperature (1700°C) for these 2.6-cm a c r o s s -
flats hexagonal elements is reached at a thermoelectr ic power level of 

7.2 kWe. Figure 8 shows the varia
tion of peak fuel temperature with 
power for several different fuel-
element sizes. Figures 9 and 10 show 
the axial and radial temperature varia
tion in the core at the reference power 
level. 

The governing cri ter ion for the 
sizing of the heat pipes proved to be 
that associated with the 1200°C molyb
denum shell on which the converters 
are mounted. A maximum allowed 
circumferential temperature variation 
of 20°C was (arbitrari ly) established 
for this shell. Since the shell diameter 
was determined by the reflector diameter , 
and the number of heat pipes was es tab
lished by the number of fuel elements, 
the thickness and circumferential length 

l l l l 

RADIAL DISTANCE, cm 

Fig. 7. Core Radial Power Profile 
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of the web jo ining ad jacen t hea t p i p e s 
b e c a m e a function of p ipe d i a m e t e r . 
On the p r e m i s e tha t the i n n e r d i a m e t e r 
of the she l l was an a d i a b a t i c s u r f a c e , 
t he m i n i m u m h e a t - p i p e d i a m e t e r r e 
q u i r e d to l i m i t the c i r c u m f e r e n t i a l 
t e m p e r a t u r e v a r i a t i o n of 20°C w a s d e 
t e r m i n e d to be 1.11 c m ( 7 / l 6 i n . ) . With 
t h i s d i m e n s i o n e s t a b l i s h e d , the hea t 
p ipe e a s i l y m e t the o t h e r , and c o n s i d 
e r a b l y l e s s s t r i n g e n t , r e q u i r e m e n t s . 
The 1200°C she l l con f igu ra t i on s e l e c t e d 
for the r e f e r e n c e d e s i g n is the s i m p l e s t , 
but not n e c e s s a r i l y the o p t i m a l , d e s i g n 
for the hot s h e l l . As shown in F i g . 3, 
the v a p o r - c h a m b e r web concep t could 
be u s e d to a c h i e v e a v i r t u a l l y u n i f o r m 
h o t - s h e l l t e m p e r a t u r e . T h i s i nvo lves 
a s o m e w h a t m o r e c o m p l e x c o n f i g u r a 
t ion for the hot s h e l l , in tha t the web 
s t r u c t u r e b e t w e e n the p r i m a r y hea t 
p ipe s would con ta in l i t h ium and would 
be l ined wi th wick ing m a t e r i a l s i m i l a r 
to that in t he p r i m a r y p i p e s . Th i s 
a g g r e g a t e of v a p o r - c h a m b e r w eb s 
would p r o v i d e n e a r l y i s o t h e r m a l t r a n s 

v e r s e d i s t r ibu t ion of hea t f rom the p r i m a r y p ipes and would, m o r e o v e r , 
weigh a p p r o x i m a t e l y 12 kg l e s s than the so l id s h e l l . The w i c k - p o r e s i z e 
for the v a p o r - c h a m b e r web would be i d e n t i c a l to tha t of t he p r i m a r y p i p e s , 
s ince app rox ima te ly the s a m e wicking height (44 c m ) i s involved , but the 
liquid and vapor p r e s s u r e d r o p s a s s o c i a t e d wi th the web would be c o n s i d e r 
ably l e s s , s ince the d i s t a n c e o v e r which hea t is t r a n s f e r r e d is m u c h s m a l l e r 
(about 0.5 cm). 
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The se l ec t ion of the l e s s e l egan t , sol id she l l conf igura t ion w a s , in 
the end, d ic ta ted p r i m a r i l y by c o n s i d e r a t i o n s of des ign s i m p l i c i t y . 
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The theory of heat pipes as presented in Ref. 29 considers solu
tions of the heat-pipe equations based on the premise that the flow of liquid 
and vapor in the heat pipe either takes place adiabatically or under condi
tions of uniform heat input and extraction. In the compact reactor , however, 
with a " chopped-cosine" axial core-power distribution, this assumption is 
not valid for the evaporator section of the lithium pipe, although it does 
apply to the condenser section. 

For the in-core heat-pipe design, the liquid and vapor p re s su re -
drop equations were integrated qver the evaporator length on the basis of 
a chopped-cosine power profile using the integrated average radial Reynolds 
number, a c loser approximation to the actual case than is represented by the 
assumption of a uniform power input. The condenser section was sized on 
the assumption of uniform power extraction. 

C. Heat-pipe Radiator 

The radiator (shown in Figs. 1 and 2) consists of an a r ray of 100 
rec tangular -c ross -sec t ion heat pipes, which form a cylindrical shell sur
rounding the electr ical generator. The gross dimensions of the radiator 
were dictated by the 39. 5-cm OD assumed for the converter a r ray and by 
the 510°C cold-junction temperature of the reference thermocouples. For 
a 4% efficient thermoelect r ic system, the radiator assembly was sized to 
reject 26.4 kWt at 500°C with an effective emissivity of 0.85. Its overall 
length is 113.5 cm. If the reactor were employed with a 1-kWe, 11% effi
cient thermionic power generator at 600°C collector temperature , the heat-
pipe radiator could be dispensed with since direct radiation cooling of the 
collector would be feasible. 

One of the pr imary advantages of a heat-pipe radiator, which con
sists of an aggregate of independent cells, is its relative invulnerability to 
meteor damage. This advantage is partially exploited in the vapor-chamber 
fin^^ Rankine-cycle radiator, but even this advanced-design concept requires 
some meteor a rmor to protect the liquid-metal passages from a catastrophic 

puncture. The concept presented here 
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Fig. 11. Frequency of Meteor Penetrations 

m a k e s full u s e of the " i n d e p e n d e n t -
ce l l " f e a t u r e in tha t the p u n c t u r e of 
any one hea t pipe r e d u c e s the c a p a c i t y 
of the r a d i a t o r by l e s s than 1%. 

On the b a s i s of da ta in Ref. 30, 
F i g . 11 s h o w s , for s e v e r a l c a n d i d a t e 
h e a t - p i p e m a t e r i a l s , the p r o b a b l e i n 
c idence of m e t e o r p u n c t u r e s a s a 
function of a r m o r t h i c k n e s s . The c o r 
r e l a t i o n p r e s e n t e d by S u m m e r s ' w a s 
u s e d to adapt the da ta of Ref. 30 to t he 
m a t e r i a l s of i n t e r e s t for t h i s s tudy . 
F i g u r e 11 i n d i c a t e s tha t t he r e f e r e n c e 



radiator would encounter a meteor sufficiently large to produce a puncture 
approximately once in 2 years if the heat pipes were constructed of 0.020-in.-
thick Inconel tubing. Meteor penetration data a re not yet so reliable that in
formation such as that presented in Fig. 11 can be accepted at face value, 
but since the reference radiator is oversized by 10%, it may be argued that 
a reasonable rate of attrition of the heat pipes can be tolerated and that no 
meteor armor is required for this system. 

The configuration and operation of the radiator heat pipes is some
what unusual in several respects: F i rs t , the heat pipes a re double-ended; 
that is, heat is added in the central portion of the pipe, and the axial vapor 
flow is in two directions. Second, the t r ansverse flow of vapor and liquid 
within the pipe is considerably more complex and less symmetr ic than for 
a circular pipe. The vapor produced in the evaporator section on the inner 
radial surface of the radiator shell condenses on the outer radial surface 
and flows back to the evaporator via an "upper" and "lower" rectangular 
wick structure joined by a "lateral" wick (as shown in Fig. 1) A t ransverse 
partition, located at the point of zero axial velocity, divides each pipe into 
two sections, so that the complete radiator shell consists of 200 independent 
cells. 

No satisfactory analytical description of this complicated flow pat
tern has been developed, nor was its development undertaken for the p re s 
ent study. Rather, the basic heat-pipe theory of Ref. 29 was adapted to the 
sizing of the wick and vapor passages. 

The selection of an optimal fluid for the radiator was less obvious 
than for the pr imary heat pipes. Lithium could not be considered, since it 
is not an effective heat-pipe fluid below 800-900°C because of its low vapor 
pressure. The choice of fluids therefore lay among the " lower- temperature" 
liquid metals, such as sodium, potassium, cesium, and rubidium (mercury 
was ruled out because of its questionable "wetting" propert ies) ; the higher-
temperature organic mater ia ls , such as the family of diphenyls, character
ized by Dowtherm; and the molten sal ts . A figure of mer i t for heat-pipe 
fluids can be extracted from the relations presented in Ref. 29 for the limit
ing heat-transfer capacity of an optimized heat pipe operating with uniform 
power input and extraction in a zero-gravity environment. This figure of 
merit for the high radial-Reynolds-number mode of operation is 

'« ̂  Knf f F,-

where 

£ = latent heat of vaporization, 

PV = vapor density. 
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and 

for s 

PI = liquid density, 

/i^ = liquid viscosity, 

7 = surface tension. 

Figure 12 shows this figure of meri t as a function of temperature 
everal of the liquid metals , Dowtherm, and molten sulfur. Sodium, 

potassium, rubidium, and cesium 
appear to be approximately competi
tive with one another in the tempera
ture range of interest . On the basis 
of the figure-of-merit curves alone, 
cesium would appear to be the optimal 
choice. However, its surface tension 
is relatively low; hence, its capillary-
pump character is t ics a re not as good 
as those of potassium. The selection 
of potassium for the radiator heat-pipe 
fluid was based on the fact that the per 
formance of this metal has been verified 
in tests at LASL, and that below about 
400°C, the slope of the figure-of-merit 
curve for potassium is less than that 
for sodium or the other liquid metals , 
so that better startup performance at 
low temperatures can be anticipated. 
Above 500°C, sodium is clearly supe
rior to the other liquid metals as a 

heat-pipe fluid. These conclusions are supported by the results of heat-
pipe experiments conducted at LASL with potassium and sodium. 
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Fig. 12. Figure of Merit for Heat-pipe Fluid 

F o r the p r i m a r y hea t p i p e s , it was p o s s i b l e to c o n t e m p l a t e g round 
o p e r a t i o n of the r e a c t o r hea t s o u r c e and h i g h - t e m p e r a t u r e she l l in t he 
" u p r i g h t " p o s i t i o n , b e c a u s e of the exce l l en t wicking p r o p e r t i e s of l i t h i u m . 
O p e r a t i n g t he r a d i a t o r hea t p ipes in a v e r t i c a l o r i e n t a t i o n , h o w e v e r , it 
would r e q u i r e a w i c k - p o r e s t r u c t u r e tha t could lift the p o t a s s i u m to a 
he ight of 56.75 c m (half the length of the r a d i a t o r ) to e n s u r e that the lower 
half of the e v a p o r a t o r would be we t t ed . The w i c k - p o r e r a d i u s a s s o c i a t e d 
wi th th i s wick ing he igh t i s about 0.04 m m . 

E v e n though th i s e x t r e m e l y s m a l l p o r e r a d i u s can p r o b a b l y b e a t 
t a i n e d in p r a c t i c e , a l a r g e wick c r o s s - s e c t i o n a l a r e a would be r e q u i r e d 
( a s s u m i n g a wick p o r o s i t y of 0.5) to m a i n t a i n the l i q u i d - p r e s s u r e d r o p wel l 
be low the v a p o r p r e s s u r e ( a p p r o x i m a t e l y 0.5 p s i at 500°C) and t h e r e b y en 
s u r e c a p i l l a r y pumping capab i l i t y and o p e r a t i o n in t he " h e a t - p i p e r e g i m e . " 
T h i s would r e s u l t in a l a r g e p ipe wi th a l a r g e c r o s s - s e c t i o n a l a s p e c t r a t i o . 



On the premise that the radiator could be ground-tested in a horizontal at
titude, the pore radius of 0.025 cm was sized to yield a wicking height of 
approximately 8 cm. This resulted in a pipe having a 1.34- by 2-cm cross 
section, so that ample margin is allowed for capillary pumping in a 
horizontal-attitude ground test of the integrated system. 

The heat-pipe wick and tube are fabricated from Inconel. This se
lection was based prinnarily on considerations of long-term mater ia l s com
patibility with potassium, and secondarily on the basis of the fact that Inconel 
is a reasonably good material from the standpoint of meteor penetration (as 
shown in Fig. 11). The tube walls are 0.51 mm (20 mils) thick. The upper 
and lower Inconel wicks are each 0.314 cm thick and are coupled with 
0 157-cm-thick lateral wicks. To minimize the pipe size and obtain the de
sired wicking height, a screen-mesh wick was assumed for the radiator 
heat pipes. The screen mesh lends itself readily to the somewhat unusual 
configuration of the wick, and is a more effective capillary pump. More
over, the vapor-liquid interaction associated with the startup of a channel 
wick is minimized. 

V. REACTOR OPTIMIZATION 

Although it would be premature to attempt to optimize the connplete 
system in a study of limited scope, a reasonable prel iminary design should 
consider localized optimization such as the minimization of the reactor 
weight (core, core container, and reflector). Superimposed upon this con
sideration are obvious constraints such as those associated with mater ia l 
temperature limits and the attainment of such desirable features as power 
flattening, the ability to increase the design power level, and various aes 
thetic aspects of a good design. 

If the 7/ l6-in. OD of the lithium heat pipes is regarded as a fixed 
core parameter, then one of the important variables that control core cr i t i 
cality is the thickness of fuel surrounding each pipe. This is quantitatively 
represented by the distance across flats (DAF) of the hexagonal PuP fuel 
element. Figure 13 shows the variation of fuel loading, core height, and 
maximum fuel temperature with fuel-element size for a 5-cm BeO reflector. 
Since the required fuel loading is approximately constant for 2.6 cm ^ 
DAF £ 2.8 cm, the lower end of this range was chosen for the prel iminary 
design since it results in a lower fuel temperature , a lower heat-pipe sur
face heat flux, and correspondingly greater potential for power uprating. 
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VI . R A D I A L R E F L E C T O R 

A r a d i a l r e f l e c t o r of b e r y l l i u m o x i d e i s i n c o r p o r a t e d in t h e r e a c t o r 
d e s i g n t o m i n i m i z e f u e l l o a d i n g and t o t a l m a s s , f l a t t e n t h e p o w e r d i s t r i b u 
t i o n , a n d p r o v i d e s h i e l d i n g f o r t h e t h e r m o e l e c t r i c v e r s i o n of t h e s y s t e m . 
R a d i a l p o w e r f l a t t e n i n g i s of i m p o r t a n c e , s i n c e it e q u a l i z e s t h e t h e r m a l 

l o a d on t h e h e a t p i p e s a n d t h e r e b y 
e n s u r e s a m o r e u n i f o r m t e m p e r a 
t u r e a l o n g t h e c i r c u m f e r e n c e of t h e 
hot s h e l l . W i t h r e g a r d t o t h e s h i e l d 
i n g c a p a c i t y of t h e r e f l e c t o r , t h e d o s e 
r a t e at t h e r e f l e c t o r o u t e r s u r f a c e i s 
no t n e c e s s a r i l y r e d u c e d b y t h e r e 
f l e c t o r s i n c e t h e c o r e p o w e r d e n s i t y 
i n c r e a s e s in i n v e r s e p r o p o r t i o n to 
t h e c o r e v o l u m e c h a n g e a s s o c i a t e d 
w i t h t h e r e f l e c t o r s a v i n g s ( a s m a y 
b e s e e n i n F i g . 14 ) . A l t h o u g h p o w e r 
p e a k i n g c a n o c c u r n e a r t h e o u t e r 
e d g e of t h e c o r e , t h i s p r o b l e m i s 
a v o i d e d if t h e r e f l e c t o r i s l e s s t h a n 
8 c m t h i c k ( a s s h o w n in F i g . 15 ) . 

in 3« I0 ' — 

REFLECTOR THICKNESS, Cm 

Fig. 14. Dose Rate vs Reflector Thickness 

W i t h i n t h e c o n s t r a i n t s i m 
p o s e d b y t h e r e q u i r e m e n t s f o r n e u 
t r o n s h i e l d i n g and t h e n e c e s s i t y of 
p o w e r f l a t t e n i n g w i t h o u t f lux p e a k i n g . 
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the r e f l e c t o r t h i c k n e s s was c h o s e n to m i n i 
m i z e r e a c t o r weigh t . The v a r i a t i o n s of 
r e a c t o r he ight , m a s s , and ^ " P u i n v e n t o r y 
wi th r e f l e c t o r t h i c k n e s s a r e shown in 
F i g . 16 for t he a c t u a l c o r e c o n f i g u r a t i o n . 
S ince th i s c o r e p lan r e q u i r e s a BeO r e f l e c 
t o r t h i c k n e s s of at l e a s t 1.5 c m to a c h i e v e 
c r i t i c a l i t y , t he weight c u r v e r i s e s s h a r p l y 
for t h i c k n e s s e s be low 4 c m . The m i n i m u m 
r e a c t o r we igh t c o r r e s p o n d s to a BeO r e 
f l ec to r t h i c k n e s s of 5 c m , t he cho ice for 
t h i s p r e l i m i n a r y d e s i g n . 

Fig. 15. Core-edge Power Peak vs 
Reflector Thickness 

Al though t h e s e p r o c e d u r e s have not 
p r o d u c e d a m i n i m u m weight s y s t e m , the 
p r e d i c t e d u n s h i e l d e d weight of l e s s t h a n 

525 lb with a 4% efficient, 1-kWe t h e r m o e l e c t r i c g e n e r a t o r i s i n d i c a t i v e of 
the p e r f o r m a n c e po ten t i a l of t h i s concept . An obvious i m p r o v e m e n t would 
r e su l t f rom a combined c o r e (DAF), r e f l e c t o r , and p r i m a r y - h e a t - p i p e op t i 
miza t ion . F u r t h e r m o r e , d e s i g n changes s u c h a s t he u s e of s m a l l e r hea t 
p ipes and a modif ied h o t - s h e l l s t r u c t u r e 
would s ignif icant ly r e d u c e the spec i f ic 
weight, p a r t i c u l a r l y for a h i g h - p o w e r 
(5-kWe) v e r s i o n . 

The above c o m m e n t s a l so apply to % 
a t h e r m i o n i c v e r s i o n of th i s s a m e s y s t e m , S 

2 

where the performance improvements S 
associated with optimizing the basic 3 
core-reflector-primary-heat-pipe com- ; 
bination would be even more significant. 

VII. NUCLEAR SHIELDING 
REFLECTOR THICKNESS, cm 

Fig. 16. Core Mass vs ReHector Thickness 
As shown in F ig . 1, p r o v i s i o n 

was made for an uncooled shadow sh ie ld 
between the c o r e and the t h e r m o e l e m e n t 
a r r a y . This sh ie ld would be p i e r c e d by the p r i m a r y hea t p i p e s , a s i n d i 
cated in the f igure . Deta i led des ign c a l c u l a t i o n s w e r e not p e r f o r m e d for 
this shield; however , s ince it would be exposed to t e m p e r a t u r e s of 500-
1200°C, a compos i t e of BeO and a heavy m e t a l a b s o r b e r such a s t u n g s t e n 
would probably be m o s t a p p r o p r i a t e . 

The pos s ib i l i t y of an unsh i e lded t h e r m o e l e m e n t (or t h e r m i o n i c ) 
a r r a y was c o n s i d e r e d in view of the c o n s i d e r a b l e n u m b e r of u n m a n n e d 
m i s s i o n s for which a power supply of th i s kind migh t be c o n s i d e r e d . 

file:///BARE
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The deteriorat ion normally encountered in thermoelectr ic mater ia ls ex
posed to nuclear radiation could be expected to be minimal for the 1200°C 
reference thermocouples, since they operate at a temperature in excess 
of the annealing tempera ture of the thermoelement nnaterial. However, 
since the reference thermocouples a re a boron-based segmented design, 
there is also a question of deteriorat ion due to an n -a reaction in the boron 
The n-a conversion would probably account for less than 0 1% of the ther
mocouple mate r ia l during the 10,000-hr mission lifetime; however, since 
no tes ts have been performed to verify the radiation tolerance of the ref
erence thermocouples, it is necessary to assume for the purposes of the 
present study that shielding is required even for unmanned missions. 

VIII CONTROL 

The analysis of the control character is t ics of a reactor designed 
for unattended operation may conveniently be divided into two problem 
areas : (1) control of the large reactivity variations in startup and shut
down, and (2) compensation for the small, gradual reactivity loss due to 
fuel burnup. Both problems involve the estimation of the temperature and 
power coefficients of reactivity, since these quantities must be negative to 
ensure stability and thereby achieve passive control of the system during 
normal , s teady-state operation. 

A. Reactivity Coefficients 

A tempera ture increase affects the system geometry in two di rec
tions It produces a prompt axial radial displacement of the fuel due to 
thermal expansion of the core. None of the (»ther mechanisms for coupling 
tempera ture and reactivity, such as Doppler broadening-void formation or 
spectrum hardening, are applicable to this system. 

The axial tempera ture coefficient (-6 x 10"V°C) was determined by 
expanding a 15-cm half-slab of homogenized core mater ia l by a factor 
(1 +apupAT) , where a p ^ p = thermal-expansion coefficient of PuP, and AT 
fuel- temperature change, and diluting the fuel-number densities by its r e 
ciprocal. Thermal expansion of the fuel and the core s t ructure governs the 
radial t empera ture coefficient, which was determined to be -3.5 x 10'V°C. 

The radial tempera ture coefficient was calculated on the basis of 
the assumption that the a r r ay of fuel elements making up the core would 
undergo the same amount of radial thermal expansion that would be asso
ciated with a soUd mass of fuel having the same geometry and tempera ture 
distribution. This situation will prevail if the fuel elements a re mechani
cally "bundled" so that they remain in contact with one another during the 
heatup phase and operating life of the core. This can be accomplished if 
the outer ring of fuel elements is res t ra ined by an arrangement of leaf 
spr ings. These springs would be fabricated from tungsten-rhenium alloy. 



which can maintain an adequate spring constant at core tempera tures . 
Such springs were proposed for use in the SNAP system. 

B. Startup 

Control of the reactor over the large reactivity range associated 
with a transition from cold shutdown to operating power requires a modifi
cation of the system geometry. In general, movable absorbing rods or 
vanes will not provide enough controllable worth, especially when system 
weight must be minimized. 

From the standpoint of weight, reactivity worth, and simplicity, 
the best startup control scheme involves motion of reflector segments. As 
derived from Fig. 17, the total worth of the reflector is 22.1% Ak. Although 

the curve of differential reflector 
worth supports the obvious conclu-

I sion that a slab of BeO immediately 
> adjacent to the core is worth imore 
: than one at the outer edge of the 
\ reflector, pract ical design consid-
i erations require that the control 
• segments include the full reflector 
5 thickness (5 cm). Fur thermore , 
5 the hexagonal nature of the heat-

pipe a r ray and the location of the 
internal s t ructural supports favor 
a 60° span for these segments. 
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Fig. 17. Reactivity vs Reflector Thickness Thg r e a c t i v i t y d e c r e m e n t 

f rom c r i t i c a l i t y at z e r o p o w e r to 
full power can be e s t i m a t e d by mul t ip ly ing the t e m p e r a t u r e coeff ic ient 
(4.1 X 10"y°C) by the r i s e f rom the a m b i e n t (30°C) to the n o m i n a l o p e r a t 
ing t e m p e r a t u r e (1220°C). A s s u m i n g that a shutdown m a r g i n of 6% Ak i s 
adequate , the r e q u i r e d r e a c t i v i t y c o n t r o l i s 11.1% Ak, wh ich c o r r e s p o n d s 
to t h r ee ful l - length (3C-cm), 60° r e f l e c t o r s e g m e n t s . 

The s y s t e m is s t a r t e d up by s lowly i n s e r t i n g two of the t h r e e 60° 
re f lec tor s e g m e n t s , each of which i s connec ted to a s m a l l s t epp ing m o t o r 
(2°/s tep) through a s c r e w d r i v e (10 p i t ch ) . When fully i n s e r t e d , t h e s e two 
p ieces br ing the r e a c t o r c r i t i c a l at an e q u i l i b r i u m t e m p e r a t u r e of about 
300°C. At this t e m p e r a t u r e , l i th ium is s t i l l f rozen in the hea t p i p e s ; hea t 
t r a n s f e r f rom the c o r e is by p u r e conduct ion; and the r e a c t o r p o w e r i s 
the re fo re ve ry low. The t h i r d 60° s e g m e n t i s then i n s e r t e d u n d e r the feed
back control of a t e m p e r a t u r e s e n s o r to b r i n g the r e a c t o r up to i t s n o m i n a l 
operat ing t e m p e r a t u r e of 1200°C. 

form 
The en t i r e s t a r t u p p r o g r a m o c c u r s s lowly enough to p e r m i t u n i -

heatup of the s y s t e m , which p a s s e s t h r o u g h a s e r i e s of q u a s i -
equi l ibr ium c r i t i c a l i t y - t e m p e r a t u r e s t a t e s dur ing the s t a r t s e q u e n c e 
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The desired heatup rate is easily attained by presetting the frequency of the 
pulses that activate the stepping motors 

With the system stabilized at its operating temperature and power 
level, the s tar tup controller is permanently deactivated, and the steady-
state operating condition is maintained by means of totally passive 
temperature-coefficient control. 

For the reference design, the burnup of 13.2 g of ^"Pu or 2 19 cc 
of the homogenized core mater ia l corresponds to 2.5 x 10* kW-hr. This 
burnup, less than 0.05%, will have no effect on fuel proper t ies . The reac
tivity decrement corresponding to this fuel loss is 2 67 x 10"* Ak. This 
can be compensated for by a drop in the core temperature of 6.5°C Fuel 
t empera ture permitt ing, if the maximum allowable AT during a 10*-hr 
mission life were -50°C, the maximum reactor power could be 192 kWt 

IX CONCLUSIONS 

The power-supply concept presented in this report is the result of a 
mating of three compatible products of current technology: (1) the compact, 
high-power-density fast reactor , (2) an advanced high-temperature fuels 
technology, and (3) the liquid-metal heat pipe. The reactor system described 
here was configured as a space power supply on the basis of projected space 
power requirements of the 1979's, since it appears to fill a need for a re 
liable, unconnplicated, high-temperature heat source that can match recent 
advances in thermoelectr ic and thermionic converter technology. 

Since the 1-kWe system described here was configured as an all-
purpose, 1-10-kWe generator , with growth potential as a major design goal, 
it can hardly be regarded as optimal for a given power level or mission. 
Rather, it was intended to serve as a vehicle to explore the feasibility of a 
concept through the medium of a point design The optimization of the sys
tem for a given power level, mission, or type of converter would involve 
some changes of the reference design For example, undersea and t e r r e s 
t r ia l versions of the system would be tailored to other means of heat rejec
tion than thermal radiation 

We believe that this passively controlled, compact, fas t - reactor con
cept, combined with the unique advantages of a heat-pipe power t ransfer and 
heat-reject ion scheme, represents an interesting challenge to isotopes in the 
low-to-medium power range where they have thus far enjoyed virtually un
contested supremacy. 
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